The genome of Moloney murine leukemia vlrus(MoMuLV) is composed of two identical RNA molecules joined at their 5' ends by the dimer linkage structure(DLS).Recently it was shown that in vitro generated MuLV RNA formed dimeric molecules and that dimerization sequences are located within the Psi encapsidation domain between positions 215 and 420. Conditions for the spontaneous dimerization of a MuLV RNA fragment encompassing the Psi domain have been investigated. The rate of spontaneous MuLV RNA dimer formation is dependent upon RNA, NaCI and MgCI 2 concentrations as well as temperature. Thermal denaturation of In vitro generated dimer RNA of 350 nt, from positions 215 to 565, gave a Tm of about 58°C in 100 mM NaCI. This Tm value is very close to that found for RNA corresponding to the 5' 755 nt and to the genomic 70 S RNA isolated from virions. According to thrermodynamic parameters derived from denaturation curves of MuLV dimer RNA generated in vitro, the dimer linkage structure probably involves short sequences.
INTRODUCTION
Cells infected by Moloney murine leukemia virus (MoMuLV) synthesize virus specific RNAs by transcription of the integrated proviral DNA. The primary transcript is of genome size and this 35 S RNA must serve as a precursor for the genome of the progeny, as a messenger for the translation of gag and pol and as a premessenger RNA for generation of the env mRNA (1) .
The preferential packaging of MuLV unspliced RNA in virions is dependent upon a cis element, named Psi, mapping between positions 215 to 565 (2-3) and this site is removed during splicing generating an unpackageable env mRNA (3) . In addition a viral protein involved in the recognition of the unspliced RNA and in its packaging has been identified as the nucleocapsid protein (4) (5) (6) . After budding from the host cell membrane, MuLV virions contain the genomic RNA as a 70 S molecule that results from the association of two 35S RNA molecules (7) .
Recent results with MuLV and Rous sarcoma virus (RSV) indicated that dimerization of unspliced retroviral RNA is directed by cis elements located in the encapsidation domain named Psi, and thus absent in the subgenomic RNA, and activated by nucleocapsid protein (8, 9) . In addition the process of retroviral RNA dimerization could be relevant to reverse transcription, since it has been shown that RNA template switching occurs during the synthesis of proviral DNA (10, 11) .
In the RNA dimer either purified from virions or generated in vitro, the two identical subunits are annealed to each other at the dimer linkage structure (DLS) located within the 5' leader sequence of MuLV genome (12) (13) (14) . More precisely it has been reported that the DLS of RNA dimer made in vitro is located around positions 280 to 330 (8) and that it seemed to hold together the two identical RNA molecules by an apparent 5' to 5' linkage (15) . Such linkage would suggest a parallel annealing of the two RNA molecules at the DLS or, if a classical anti parallel annealing is assumed, it suggests an unusual conformation of the RNA in this region.
In an attempt to gain further understanding in the nature of the interactions driving the dimerization of retroviral RNAs, we initiated a study dealing with the optimization of 'in vitro' viral RNA dimerization, together with the physical chemistry of this process. Such a study was performed using a synthesized MoMuLV RNA fragment containing the leader (620 nucleotides) and part of the 5' gag sequences and was aimed toward the study of deletion mutants in order to determine the region(s) implicated in dimerization. The purpose of the work presented here was to give information on the interactions engaged in dimerization. Such work was a necessary step toward the definition of conditions leading to populations of either pure monomeric RNA or pure dimeric RNA. These conditions were to be used in a study dealing with the compared chemical and enzymatic probing of monomeric and dimeric Mo-MuLV RNA in order to understand the structural modifications associated with dimerization (manuscript in preparation). Furthermore, a study of the thermodynamic parameters-involved in this dimerization process is important as long as it could involve formation of relatively short RNA duplex regions and that the question of the stability of these regions, implying the role of the nucleocapsid protein (NCplO) (16) , is important.
Here we report that spontaneous RNA dimerization is a slow process, suggesting that a conformational change in the structure of RNA is a step participating in this process. The dimerization is salt dependent and the variation of the association rate with [Na + ] is in accordance with the counterion condensation model applied to short oligonucleotides (17) (18) (19) . Furthermore, the temperature of half dissociation (Tm) of the dimer formed 'in vitro' (58 °C) is in good agreement with the one corresponding to the dissociation of the dimer isolated from virions (2 X 8332 nt) under the same salt conditions ( = 60°C) (13) . Such a Tm value could correspond to classical interactions between two short RNA sequences as derived from the free-energy parameters involved in RNA duplex stability (20) .
MATERIALS AND METHODS

Plasmid construction
Standard procedures were used for restriction digestion and plasmid construction (21) . E.coli DH 5a was used for plasmid amplification. 
RNA 'in vitro' synthesis and purification
The linearized DNA, at a concentration of 400 /ig/ml, was transcribed using T7 RNA polymerase (20000 u/ml) in 0.2 ml final volume in the presence of RNasin. Following DNase treatment the RNA was extracted with phenol-chloroform and precipitated twice with ethanol. After extensive washing, the precipitate was dissolved in sterile bidistilled water. The RNA was purified through a TSK 250 column (Bio-Rad) on FPLC system (Pharmacia), in sodium acetate 0.2 M pH 6.5, 1 % methanol at a rate of 0.9 ml/min. Under these conditions, the RNA is separated from residual nucleotides and salt, giving rise to a homogeneous peak. The purified RNA was precipitated in ethanol and after centrifugation, dissolved in sterile bidistilled water. The purity and the integrity of the RNA were checked with gel electrophoresis under native conditions (1% agarose, 50 mM TRIS-borate pH 8, 1 mM EDTA; 10 V/cm ) and under denaturing conditions (5% acrylamide-8 M Urea, 90 mM TRISborate pH 8, 2 mM EDTA; 60 V/cm). The stock solution thus obtained was at a concentration of about 2 mg/ml.
Kinetics of 'in vitro' RNA dimerization
The RNA at a concentration of 25 /ig/ml was denatured at 95°C for 2 minutes and then incubated in 50 mM TRIS-HC1 pH 7.0. The temperature of incubation, the NaCl and MgCl 2 concentrations were as indicated in the text. At various times, aliquots of 10 fi\ were taken and submitted to 1% agarose gel electrophoresis in 50 mM TRIS-borate pH 8, 1 mM EDTA at 7 V/cm. After staining with ethidium bromide at 0.5 /tg/ml, the gels were scanned for fluorescence on a scanning apparatus (Transydin) (22) and the surface of the peaks was integrated. The percentage of dimeric form was then calculated as being the ratio of the surface of the dimer divided by the sum of the surfaces of the dimer and the monomer (which corresponds to the total amount of RNA). The rate constant for the dimerization was then derived assuming a simple bimolecular reaction: M + M ---D, and solving the integrated form of this equation (23) .
Tm determination of the dimer dissociation
After denaturation at 95 °C for 2 minutes in 10 mM TRIS-NaCl pH 7.5, 250 mM NaCl and 1 mM MgCl 2 , the RNA was incubated, at a concentration of lxl0~5 M (strand concentration), at 55°C for 30 minutes for complete dimerization. The dimer thus obtained was then diluted at a concentration of 1.3 xlO" 7 M and microdialysed (Millipore filters type V6, 0.025ft) for 45 minutes against 10 mM TRIS-HC1 pH 7.5, 100 mM NaCl and 1 mM EDTA. Aliquots (20 /tl) were then incubated for 5 minutes at temperatures ranging from 20°C to 80°C and then submitted to 1 % agarose gel electrophoresis under the same conditions as above. After staining and scanning of the gels, the percentage of dimeric and monomeric forms was estimated. The melting temperature (Tm), where half of the RNA molecules are in dimer form was determined from the plot of percentage of monomer versus temperature and by the equation: Tm-' = (2.3R/AH o )log Ct + AS°/AH°, where Ct is the RNA strand concentration. AH° and AS° were derived by fitting the curve to a two-state model (24) with the assumption that the base lines were independent of the temperature. AG° corresponding to our experimental conditions was obtained through the equation: AG° = AH° -TAS°. Due to the small number of experimental points, uncertainties on the determination of the thermodynamic parameters were important but the derived values for the Tm were in very good accordance with those observed from the experimental curves. 1, lane 5),indicating that this region which has been implicated in the encapsidation of the viral RNA (25) (26) is also involved in its dimerization either directly, as already suggested (8), or through a dramatic effect on the general conformation of the leader region leading to a loss of dimerization.
RESULTS AND DISCUSSION
The kinetics of dimer formation corresponding to the association of the 755 nt Mo-MuLV RNA fragment was measured at 37°C in the presence of 250 mM NaCl by quantifying the amount of monomeric and dimeric species with 1 % agarose gel electrophoresis. The resulting plot is shown in Figure 2a and indicates a very slow process. Furthermore, by varying the RNA concentration, we observe a linear relation between the rate of the reaction and the concentration (results not shown). The apparent rate constant was estimated from the rate data by applying the rate equation for a bimolecular reaction of the type: M + M---D. The value of the forward rate constant thus calculated was 550 ± 150 M~'s~'. Such a value is far away to correspond to a pure diffusion-controlled reaction (27) , and a reasonable explanation for such a low value of the rate constant would be that the formation of the dimer depends upon a conformational change in the structure of the RNA molecule. In order to further characterize and understand this dimerization process, we studied the conditions leading to an optimization of the 'in vitro' dimerization.
Temperature dependence of dimer formation
The extent of dimerization is a function of the temperature. For a given incubation time (6 hours), where the percentage of dimer is about 50% at 37°C (see fig la) , the amount of dimeric RNA increases with the temperature, and a maximum in dimer formation is obtained at a temperature of about 50°C ( Figure  3 ). Under these conditions, the rate constant for the reaction was equal to 1250 ± 131M~'s~'.By raising the temperature over 50°C, the amount of dimer decreases, and at about 65°C equal amounts of monomeric and dimeric RNA are observed on the gel, suggesting that under these salt conditions (250 mM NaCl), the Tm of the dimer is around 65 °C.
Salt dependence of dimer formation
The dependence of the rate constant upon NaCl concentration was measured at 37 °C in the absence of magnesium. The kinetics of dimer formation are shown in Figure 2a and the apparent rate constants associated to these kinetics are indicated in Table 1 . It appears that the rate constant increases when the NaCl concentration is increased. A plot of log k| vs log [Na + ] is linear, in the range of ionic strengths studied: 0.05 M to 1 M Na + , with a slope of 0.9 ( Figure 2b ). Such a plot for duplex formation by T7 DNA (28) or poly (A), poly (U) (29) gave slopes of about 3.6 (17) . When duplex formation by AAGCUU (30) or dGCATGC (19) were studied, plots were obtained whose slope were 0.6 and 0.8 respectively, comparable to what we observe. This result could suggest that the dimerization of the 755 nt RNA depends upon the lining up of a small number of phosphate groups. Assuming that the counterion condensation model of Manning (17, 18 ) is relevant to our system, the association rate depends on [Na + ] to a power of Q/2£ were Q is the number of phosphate groups lined up in the non associated complex and £ a charge density parameter depending on the average distance between die charged groups. For a value of Q equal to 15 nucleotides, the association rate constant depend on [Na + ] to a power of 3.6. Therefore, if the association rate constant depends on [Na + ] to a power of 0.9, Q should be equal to about 4 to 5 nucleotides (19) .
Magnesium dependence of dimer formation
Magnesium plays a key role in modulating RNA conformation, since it has been shown that the stability of secondary structures is very sensitive to magnesium concentration (31). Therefore we looked at the effect of magnesium in the dimerization process. Experiments were performed at the optimum temperature of dimer formation: 50°C, in the presence of 250 mM NaCl. The values derived for the apparent rate constant, in die absence or in the presence of lmM and 5mM MgCl 2 respectively are indicated in Table 1 . The apparent rate constant is higher in the presence of lmM MgCl 2 than in the absence of magnesium and does not significantly vary for MgCl 2 concentrations ranging from lmM to 5 mM. The apparent rate constant calculated in the presence of 1 mM MgCl 2 was found equal to 4700 ± 350 M-'s-'.
Thermal stability of the dimer
The optimum conditions for dimer formation having been established, we looked at the thermal stability of the dimer. Thermal stability of the dimer of total Mo-MuLV RNA (8332 nt) has previously been studied by electron microscopy of purified retroviral RNA (13) , and the Tm thus estimated was = 60°C. For the sake of comparison we studied the diermal denaturation of the 755 nt Mo-MuLV fragment under experimental conditions comparable to the one used to study the 8332 nt RNA. Once formed at 55°C in 10 mM TRIS-HCl pH 7, 250 mM NaCl in the presence of 1 mM MgCl 2 , the dimer was submitted to thermal denaturation in TRIS 10 mM pH 7, NaCl 100 mM, EDTA lmM (13) . Typical gel electrophoresis results corresponding to a thermal denaturation experiment are shown in Figure 4 together with the denaturation curve corresponding to the quantification of the amount of monomeric RNA. The dissociation of the dimer to monomer shows a sharp transition whose midpoint corresponds to 57.2°C, the temperature where monomeric and dimeric RNA are present in equal amounts. This Tm is quite comparable to the one of entire Moloney viral RNA (32) . The identity between these Tm values suggests that the nature of the interactions between the RNA subunits is comparable wether we consider the 70S natural dimer or the 'in vitro' reconstituted dimer. This agrees well with the fact that our 755 nt fragment comprises the region observed as being involved in the formation of die dimer linkage structure (50 nucleotides at 466 ± 9 nucleotides from the 5' end) as seen by electron microscopy (14) .
Not enough experimental points were available to accurately measure the enthalpy and entropy parameters from the fit used to derive the Tm. We therefore measured the Tm as a function of dimer concentration. The plot of 1/Tm versus Ln(Ct) is shown in Figure 5 The thermal stability experiments were done in TRIS-HC1 10 mM pH 7, NaCl 100 mM, EDTA lmM at a RNA concentration of 1.3 X 10" 7 M, followed by 1 % agarose gel electrophoresis and the corresponding Tm plot was derived from the gel.
base composition is random, would have a AG°37 around 23 Kcal/mole deg. This length of 10 to 15 base pairs corresponds to the one calculated, from the Tm, for the 8332 nt viral RNA (32) , and represents the minimum RNA length involved in the dimer linkage structure since the same free energy could be calculated assuming that mismatches, internal or bulge loops could introduce a loss in free energy having to be compensated by a larger region of interactions. For the sake of comparison we followed the denaturation of the Psi + fragment and of the 725 nt fragment (Figure 6 ). We do not observe strong differences between the melting temperatures of these fragments, compared to the melting of the 755 nt fragment, indicating that artefactual dimerization through the polylinker sequence or the U3 region should be excluded (no difference between the melting of the 755 nt Mo MuLV fragment and of the 725 nt fragment). (33) (34) or with short oligomers (19) .
These parameters indicate that the denaturation of the dimer formed from the 755 nt retroviral RNA fragment is quite comparable to the denaturation of an oligonucleotide duplex. Especially we do not observe a slow denaturation, comparable to the very slow formation of the dimer. This discrepency between the rate of formation of the dimer and the denaturation can be explained by assuming that dimer formation probably depends upon a structural transconformation of the monomeric RNA : M-->M* leading to a RNA species in which the nucleotide sequence or sequences participating in the dimer formation (M* + M*-->D) are 'exposed'. When studying the kinetics of dimer formation, we measure an apparent rate constant for the reaction M+M -«D while by looking at the denaturation of the dimer, we only consider the reaction D---DM*+M*. Such a mechanism could explain the biological importance of the nucleocapsid protein NCP10 whose role would be, apart from stabilising the dimer, to induce the conformational transition from M to M*, lowering the activation energy necessary to form the dimer in accordance with previously published data in which this type of protein has been shown to significantly accelerate dimer formation of Mo-MuLV RNA (8) or RSV RNA (9) .
CONCLUSION
Spontaneous dimerization of the 5' terminal fragment of the retroviral Mo-MuLV RNA takes place 'in vitro'. This dimerization is slow, incompatible with a pure diffusion controled process, implying that a conformational change in the RNA structure is needed. The dimerization depends on temperature, Na + concentration and RNA concentration. The study of the thermal stability of the 'in vitro' formed dimer leads to the conclusion that the thermal denaturation is comparable to what is observed when studying the thermal denaturation of short oligomeric duplexes, as far as Tm and thermodynamic parameters are concerned. We can derive that at least 10 to 15 nucleotides are associated within the dimer, through canonical base pairing, Such a length could explain our thermodynamic data, as long as we assume that a single stretch of double stranded RNA is responsible for the dimeric structure. However, a single region of the RNA being engaged in the DLS is not a requisite since multiple small base paired regions could induce the same results. Structural studies, through chemical or enzymatic probing, of the 755 nt Mo-MuLV RNA fragment and of the corresponding dimer show that structural modifications take place in at least three different regions, located in the leader region (Manuscript in preparation). This finding is consistent with the observed apparent rate constant for dimerization as long as the exposure of small regions of the RNA molecule, for base pairing with an another one, should require an overall structural change. Such process would account for the observed rate constant and for the biological role of the nucleocapsid protein, NCplO. This protein would be needed to trigger the conformational change of the RNA by exposing the regions involved in the association between two RNA molecules and thus favoring the formation of the dimer.
